Cancer is now the leading cause of death worldwide. There is an urgent need to develop novel agents for human cancer therapy. 1) Because the resistance to apoptosis is a hallmark of cancer cells, the crucial approach to anticancer drug discovery is the activation of apoptotic cascades.
2) A large number of anticancer drugs have been found to induce the apoptotic process in cancerous cells. Thus, discovery of potent apoptosis inducer for cancer treatment is an attractive and prospective strategy.
In searching for novel anticancer agents, various plants provided a large number of lead compounds for further development. 3) Naturally occuring lignan lactones such as podophyllotoxin exhibit a wide range of pharmacological activities ( Fig. 1) . 4, 5) Two podophyllotoxin derivatives, etoposide and teniposide, are currently in clinical use as antineoplastic agents due to their abilities to inhibit human DNAtopoisomerase II. 6) Structure-activity relationships (SAR) of podophyllotoxin disclose that the trans-fused-g-lactone ring is not essential although it contributes to potency. 7, 8) Diphyllin, an arylnaphthalene lignan lactone isolated from many traditional medicinal plants, has been reported to possess anticancer and antiviral activities. 9 ,10) Previously, we have successfully synthesized several natural diphyllin glycosides and their analogues. 11, 12) Biological results showed that they were effective apoptosis inducers and cell proliferation inhibitors, which encouraged us to synthesize more compounds to fully discuss the SAR of diphyllin. To our best knowledge, there is no such effort addressed to modify the lactone moitey of diphyllin. On the other hand, many publications reported that the azomethine moieties showed interesting inhibitory activity against tumoral cells.
13) It might be of great interest to combine diphyllin to azomethine groups to prepare novel derivatives. Herein, we report the synthesis, cytotoxicity and apoptosis inducing activity of these benzoisoindolin hydrazones as analogues of diphyllin (2-11, Chart 1).
Results and Discussion
Synthesis of Benzoisoindolin Hydrazones The synthetic route used to synthesize title compounds is outlined in Chart 1. Diphyllin was prepared according to the procedure reported previously. 14) Nextly, hydrazide 1 was obtained as yellow solid in 87% yield by the reaction of diphyllin with excess hydrazine hydrate in ethanol over a 6 h reflux period. The structure of compound 1 was confirmed by mass spectroscopy and H-NMR spectra indicated the chemical shift of the NH 2 proton at dϭ4.46 ppm in the form of singlet peak. Schiff base reactions of 1 with respective aromatic aldehydes were performed in the presence of a catalytic amount of acetic acid in ethanol to give hydrazone derivatives 2-11 in the good yields of 79-87%.
15)
Inhibitory Effects of Compounds 1-11 on Proliferation of Cancer Cells The title compounds 2-11 and intermediate 1 were evaluated for their cytotoxic activity against three cancer cell lines using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) growth inhibition assay. Etoposide was used as a positive control. IC 50 values were summarized in Table 1 and represent the concentration inducing a 50% decrease of cell growth after 3 d incubation.
In general, these derivatives displayed potent antiproliferative activity against three cancer cell lines. These results suggested that lactone ring was not essential to diphyllin to keep potency. Substituting lactone ring with isoindolin hydrazones did not show substantial loss in their antiproliferative. range of 5.6-10.4 mM in three cancer cell lines. Compound 4 has a methyl group at 4-position of benzaidehyde skeleton showed the best antiproliferative activities. The results showed that compounds 1 and 3 were highly active only against HCT-116 cell line. However, the precurosor diphyllin showed lower activities, which suggestted there is different modes of action of these two compounds.
Induction of Apoptosis in HCT-116 Cells by Compound 4 On the basis of the above results, further biological evaluations have been focused on compound 4. HCT-116 cells were stained with Hoechst33342-propidium iodide (PI) and acridine orange-ethidium bromide (AO-EB) to verify the type of cell death. Without compound 4 treatment, the nuclei of control cells showed uniform blue fluorescence, which indicated the cells were healthy and the nuclei were intact. However, after treatment with compound 4 for 72 h, most of nucleis were stained pale red by PI, which indicated cells were apoptotic (Fig. 2) . These results showed that cells death occurred primarily through apoptosis.
The results obtained from the AO-EB staining are as shown in Fig. 2 . Viable cells with intact DNA and nucleus showed homogeneous bright green. Early apoptotic cells showed green nuclei, but perinuclear chromatin condensation was visible as bright green patches or fragments. Late apoptotic cells DNA were fragmented and stained orange. It was clear that most of cells treated with compound 4 exhibited typical characteristics of apoptotic cells like plasma membrane blebbing. This result also indicates that cells death occurred primarily through apoptosis. Data collected from the manual counting of cells with normal and apoptotic nuclear features are shown in Fig. 3 .
Effect of Compound 4 on Apoptosis-Related Proteins
Apoptosis is usually controlled by two major pathway, the mitochondrial pathway and membrane death receptor pathway. 16) To reveal the possible mechanisms responsible for the apoptotic effects of compound 4, we nextly evaluate its effects on the expression level of a series of proteins associated with apoptosis. Bcl-2 can prevent the release of cytochrome 17) The present results revealed that compound 4 induced apoptosis via the mitochondrial pathway accompanied by an increased expression of Bax and a decreased expression of Bcl-2 (Fig. 4) .
Conclusion
In the present study, we have described the preparation and identification of benzoisoindolin hydrazones from diphyllin in two steps. These derivatives displayed potent cytotoxic activity against three human cancer cell lines. Compound 4 showed the highest cytotoxic potency. Apoptosis of HCT-116 cells induced by compound 4 was observed by Hoechst33342-PI staining assay, AO-EB staining assay and Western blot analysis. Compound 4 induced apoptosis via the mitochondrial pathway accompanied by an increased expression of Bax and a decreased expression of Bcl-2. Our preclinical data indicate that compound 4 is a potential therapeutic agent for cancer.
Experimental
Syntheses Solvents were purified in the usual way. TLC was performed on precoated Merck silica Gel 60 F 254 plates. Flash chromatography was performed on silica gel (100-200 mesh, Qingdao, China).
1 H-and 13 C-NMR spectra were taken on a Bruker 300 MHz spectrometer with tetramethylsilane (TMS) as an internal standard, and chemical shifts were recorded in values. The high resolution spectra were obtained on a Q-TOF Global Mass (ESI-MS).
4-(3؆,4؆-Methylenedioxyphenyl)-6,7-dimethoxyl-1-hydroxyl-benzyl-2,3-dihydro-isoindol-1-one-hydrazine (1) To a stirred solution of diphyllin (190 mg, 0.5 mmol) and in EtOH (30 ml) was added hydrazine hydrate (2 ml, 80%, 32 mmol). The mixture was maintained under reflux for 6 h, until TLC indicated the end of reaction. The reaction mixture was cooled and the solid was collected by filtration and washed with cool ethanol to afford a pale yellow solid 1 (170 mg, 87%). ϩ (Calcd for C 21 H 18 N 2 O 6 Na: 417.1063). The hydrazones 2-11 were prepared as the following method: a solution of 6 mmol of substituted aldehydes in ethanol was added to a solution of 5 mmol of 1 in 50 ml of ethanol. The mixture was refluxed on a water bath for 2-2.5 h. After cooling, the precipitate was filtered, dried and recrystallized from ethanol. dimethoxyl-1-hydroxyl-benzyl-2,3-dihydro-isoindol-1 Compound 4 treated cell extracts were obtained and equal amounts of protein were resolved by SDS-PAGE. Separated protein bands were transferred onto PVDF membranes and incubated with specific primary and secondary antibodies, respectively. Western blots were developed with enhanced chemiluminescence reagent. b-Actin was used normalize total proteins. 124.2, 123.1, 115.7, 111.7, 108.1, 105.9, 101.4, 56.0, 55.5 Hydroxy-4-methoxybenzylidenyl)-4-(3؆,4؆-methylenedioxyphenyl)-6,7-dimethoxyl-1-hydroxyl-benzyl-2,3-dihydro-isoindol-1 Cell Culture Three human cell lines, KB (oral squamous), A549 (lung), HCT-116 (colon) were cultured on RPMI-1640 medium supplemented with fetal bovine serum (10%), penicillin (100 U/ml) and streptomycin (100 mg/ ml) in 25 cm 2 culture flasks at 37°C in a humidified atmosphere with 5% CO 2 .
N-(3-Methoxybenzylidenyl)-4-(3؆,4؆-methylenedioxyphenyl)-6,7-
Cell Viability Cell viability was assessed by the MTT assay. Cells were harvested from the culture during the exponential growth phase, and seeded into multiwell culture plates at 5ϫ10 4 -1ϫ10 5 cells/ml in fresh medium. After overnight growth, cells were treated with compounds (predissolved in dimethyl sulfoxide (DMSO)) at selected concentrations for a period of 3 d. The medium was then discarded and replaced with MTT dye. Plates were incubated at 37°C for 4 h. The resulting formazan crystals were solubilized in Lysis buffer (sodium dodecyl sulfate (SDS) 10 g, N,N-dimethylformamide (DMF) 25 ml, H 2 O 25 ml, acetic acid 1 ml, pH 4.7), and the optical density was read at 570 nm with a microplate reader (Biotek synergy 2).
Fluorescence Morphological Examination Apoptotic morphology was studied by staining the cells with acridine orange (AO) and ethidium bromide (EB). 18) Cells were washed three times with PBS after being incubated with compound 4 in 2 mM, 4 mM for 72 h, and were then stained with AO and EB for 3 min. Stained cells were viewed under a fluorescence microscope (Leica, German) with 200ϫ magnification.
Hoechst 33342-PI staining was carried out according to the procedure of literature. 19) Cells were treated with compound 4 in 2 mM, 4 mM for 72 h. Then stained by incubating in PBS containing 500 nM Hoechst 33342 and 500 nM propidium iodide (PI) at 37°C for 3 min in the dark. Then washed cells with PBS three times. Stained cells were viewed under a fluorescence microscope (Leica, German) with 200ϫ magnification.
Western Blot Analysis Cells were exposed to various concentrations of 4 for 72 h. Cell lysates with identical amounts of protein were fractionated and transferred to PVDF membranes (Millipore Corp., U.S.A.). The polyvinylidene difluoride (PVDF) membrane was incubated in blocking buffer (TBS containing 0.1% Tween 20 and 5% nonfat milk) for 1 h at room temperature. Then the membrane was incubated with the appropriate primary antibody overnight at 4°C or 2 h at room temperature with gentle shaking. The membrane was washed thrice with rinsing buffer for 15 min and then incubated with the corresponding peroxidase-conjugated secondary antibody for 1 h at room temperature. After repeating the washes in triplicate, the protein of interest was detected by enhanced chemiluminescence reagents from EC3 imaging system (UVP, U.S.A.).
Statistical Analyses Data were presented as meansϮS.E. and analyzed by SPSS software. Picture were processed with Photoshop software. Mean values were obtained from at least three indepent experiments.
